Natural convection in an annulus with a discrete heat source on the inner cylinder is studied numerically. The outer cylinder is isothermally cooled at a fixed low temperature, and the top wall, the bottom wall and unheated portions of the inner cylinder are thermally insulated. For low applied heat flux through the heater, as measured non-dimensionally by a Grashof number, Gr , the flow in the annular gap consists of a single-cell overturning meridional flow driven by the radial temperature gradient between the heater on the inner cylinder and the cold outer cylinder. In this regime, the flow is very weak and heat is transported primarily via conduction. The flow structure does not change until Gr ∼ 10 4 , although the flow strength steadily increases with Gr . As the nonlinear convection terms become more important, the meridional circulation sweeps the isotherms from being almost vertical near the outer cylinder to almost horizontal near the bottom wall. By the end of the transition from the conduction-dominated regime (Gr < 10 4 ) to the convection-dominated regime (Gr ∼ 10 6 ), the flow becomes segregated into three distinct regions: (i) for vertical levels below that of the bottom of the heater, an essentially cold stagnant pool develops, with the heat flux through the outer cylinder dropping to zero. (ii) At vertical levels between the bottom and the top of the heater, most of the region in between the two cylinders is stably stratified with a relatively weak radial flow from the cold to the heated cylinder. The horizontal isotherms adjust to the temperatures on the cylinders in thin buoyancy boundary layers which drive fluid down the cold cylinder and up the heated cylinder segment. The boundary layer on the heater is about half as thick as that on the cold cylinder, but about twice as intense. (iii) The third region is above the heater top. The boundary layer flow from the heater continues upward where it meets the top endwall and bounces off of it. A wavy jet bounces on its way radially outward between the top insulated wall and the stably stratified region below. Flow separation on the top wall leads to the formation of a recirculation zone there. The vast majority of the heat flux through the outer cylinder occurs at this upper level, and is heavily concentrated near the very top. Geometric factors, such as the radius ratio of the cylinders and the heater placement, have quantitative effects, which are described, but the overall qualitative picture remains unchanged.
Introduction
Natural convection in cavities and annuli has received much attention, motivated by a variety of applications, such as the cooling of electronic equipment and the miniaturization of electronic components. These have revealed the need for a better understanding of the fundamentals of heat transfer in settings where heating is applied locally. Even though heat removal strategies in many practical systems are achieved by forced convection and phasechange mechanisms, natural convection plays an integral role in the cooling process in microcomputers and small electronic devices. Further, the understanding of natural convective heat transfer processes in the absence of external flow is important, since heat removal mechanisms need to operate under the influence of natural convection if there is a breakdown of the external mechanisms.
There has been much interest in the natural convective heat transfer due to localized heating. The pioneering work on natural convection heat transfer from a discrete heat source (of constant applied temperature) in a two-dimensional rectangular enclosure was investigated both numerically and experimentally by Chu et al (1976) . They found that heater location strongly influences the local and average heat flux. Their numerical results were corroborated to be in good agreement with the experimental results of Turner and Flack (1980) . Subsequently, a large number of numerical and experimental investigations have dealt with the effects of discrete heating on natural convection in rectangular enclosures (e.g. Keyhani et al 1988 , Prasad et al 1990 , Chadwick et al 1991 , Ho and Chang 1994 , Deng et al 2002 , Kandaswamy et al 2007 , Nithyadevi et al 2007 , Muftuoglu and Bilgen 2008 , Navamani and Murugan 2010 . It is of practical significance to further study the flow in a cylindrical annulus with a partially heated boundary due to its applications in industry.
Natural convection heat transfer in a differentially heated vertical annulus was investigated both numerically and experimentally by several investigators. A detailed study of natural convection in an isothermally heated vertical annulus was reported by de Vahl Davis and Thomas (1969) and provided heat transfer correlations in the boundary layer regime, based on their numerical results. Prasad and Kulacki (1985) conducted an experimental study of convective heat transfer in a vertical annulus for different Prandtl numbers and three aspect ratios, by fixing the inner-to-outer radius ratio at 0.1873. They found that the temperature fields are significantly altered by the radius ratio. Later, Kumar and Kalam (1991) performed numerical investigation of natural convection in a similar geometry for a wide range of parameters. They concluded that the correlation results, i.e. the dependence of the heat flux on the governing parameters, of de Vahl Davis and Thomas (1969) overpredicts the experimental results of Prasad and Kulacki (1985) and their numerical results, and provided new heat transfer correlations. Figure 1 . Schematic of the apparatus. The dark-shaded region on the inner cylinder indicates the heater segment from which a constant heat flux is admitted into the fluid region between the two cylinders; the rest of the inner cylinder and the top and bottom endwalls are insulated and the outer cylinder is maintained at a constant temperature.
In this paper, we determine numerically the characteristics of the basic state for natural convection in a unit aspect ratio annulus driven by a constant heat-flux segment on the inner cylinder. We examine in detail the basic state as it evolves from a conduction-dominated state for small heat fluxes, to a buoyancy boundary layer dominated state at high heat fluxes, with a peculiar spatial structure resulting from the discreteness of the heater. Section 2 describes the model problem and the numerical technique used is given in section 3. Section 4 describes the conduction-dominated and convection-dominated regimes of the basic state, how its peak vorticity and temperature scale with the imposed heat flux, and in the highly nonlinear regime, how the boundary layers on both cylinder walls scale with the imposed heat flux. The results are summarized and discussed in section 5.
Governing equations
Consider a vertical annulus of height H , inner radius R i and outer radius R o , as shown in figure 1. The top and bottom boundaries of the annulus are thermally insulated. At the inner cylinder, a heating element of length ε H is subjected to constant heat flux Q, while the remaining portion is insulated. The distance between the center of the heater and the bottom wall is l H . The outer cylinder is maintained at a lower temperature 0 . Gravity acts in the negative z-direction, aligned with the axis of the annulus. The fluid is assumed to be Newtonian with negligible viscous dissipation and constant thermophysical properties. We assume that the Boussinesq approximation holds, so that variations in density are only accounted for in the buoyancy term, and it depends linearly on temperature, ρ = ρ 0 [1 − β( − 0 )], where ρ 0 is the density at the temperature of the outer cylinder 0 .
To non-dimensionalize the system, we use the annular gap, (R o − R i ), as the length scale, the thermal diffusion time across the gap, (R o − R i ) 2 /α, as the time scale, and the heat flux Q(R o − R i )/k as the temperature scale, where α is the thermal diffusivity and k is the thermal conductivity of the fluid. Assuming that the flow remains axisymmetric, we write the velocity field in a cylindrical coordinate system, (r, θ, z), in terms of a streamfunction, and further assume that there is no swirl,
(
The non-dimensional governing equations are
where
and
is the non-dimensional temperature relative to the temperature of the outer cylinder. The non-dimensional parameters are
heater location l , heater length ε .
The boundary conditions are: at the inner cylinder, r i = /(1 − ), ψ = ∂ψ/∂r = 0, ∂ T /∂r = −1 at the heater and ∂ T /∂r = 0 elsewhere; at the outer cylinder, r o = 1/(1 − ), ψ = ∂ψ/∂r = 0 and T = 0; on the top and the bottom, z = 0 and z = , ψ = ∂ψ/∂z = 0 and ∂ T /∂z = 0.
The overall heat transfer rate across the annulus is an important quantity in heat transfer problems. The non-dimensional heat flux into the annulus provided by the discrete heater at the inner cylinder is
At steady state, the heat flux into the annulus from the inner cylinder should equal the heat flux out through the outer cylinder, and non-dimensionally, this is
We shall consider the scaled local heat flux at the outer cylinder
and so we can write
and for the inner cylinder flux boundary condition being used, we have
so that
When the natural convection is due to an imposed constant heat flux at a boundary (or segment), it is not the heat flux at that boundary that is of interest (as this is a known imposed quantity), but rather what is of interest is the temperature distributions on the constant flux walls, and the local heat flux distribution on the isothermal walls.
Numerical technique
The governing equations are discretized in space using second-order centered finitedifferences on a grid (r, z)
A second-order explicit predictor-corrector scheme is used to discretize in time. In this way, starting from known initial conditions, (2) and (3) can be advanced in time one predictor step for the interior grid points i ∈ [1, n r − 1], j ∈ [1, n z − 1]; then the elliptic equation (4) can be solved for the predictor value of the streamfunction. Boundary conditions are then imposed; for T and ψ these are straightforward to implement using second-order one-sided differences for derivative boundary conditions such as the flux condition at the discrete heater. The vorticity boundary condition is imposed by evaluating the right-hand side of (4) on the boundary using second-order one-sided difference. The same procedure is then used to compute the corrector from the just determined predictor values of T , η and ψ. Time is advanced until either steady-state conditions are reached or some desired time is reached. In the whole process, the solution of the elliptic equation for ψ is the most costly. However, much of this cost can be mitigated by using a matrix diagonalization technique (Lynch et al 1964) , where the elliptic operator is diagonalized in one direction in a pre-processing stage, and then at each time step only the corresponding back-substitution step is required. The diagonalization process only depends on the grid used and not on the governing parameters. It does not matter too much which direction is diagonalized, so long as the boundary conditions are simple (in our problem the streamfunction is zero on all four boundaries). One direction may be more optimal if there is a large difference in the number of grid points in one direction (due, say, to a large or small aspect ratio). In that case you may end up with either a large number of small independent problems to solve or a small number of large problems to solve, and then it depends on your machine architecture on which one is better suited to using parallel computation. For our problem the aspect ratio was 1 and we used the same number of grid points in both the radial and axial directions, so this was not an issue. Diagonalization is done only in one direction because with second-order centered differences the difference matrices in each direction are simply tridiagonal. In contrast, when using spectral methods, these matrices are full. So, after diagonaling in one direction, a large block tridiagonal system is transformed into a number of small independent tridiagonal systems. These small tridiagonal systems are more efficiently solved using a dedicated solver rather than the more general diagonalization method. Of course, the dedicated solver is done in two steps: factor once and back-substitute at each time step. The discrete heater on the inner cylinder leads to discontinuous temperature boundary conditions. With a finite-difference discretization, one does not need to regularize idealized boundary conditions with jump discontinuities as one does when using spectral methods in order to avoid Gibb's phenomenon. With finite differences, the jump discontinuity is essentially modeled as a finite jump spread over one grid spacing. If the grid spacing is small compared to the viscous subscale in the boundary layer, then the global solution is not qualitatively altered upon further grid refinement. The same type of second-order finite difference solver used in this paper was previously compared with a spectral method for a flow problem with a velocity discontinuous boundary condition at a corner (Lopez and Shen 1998) .
Given the large number of parameters governing this problem, we have fixed the aspect ratio of the annulus = 1, the Prandtl number of the fluid Pr = 1.0 and the length of the heater ε = 0.25. For three different radius ratios, = 0.25, 0.50 and 0.75, and for three different heater locations, l = 0.25, 0.50 and 0.75, we have varied the Grashof number from Gr = 1 to 10 10 . Most of the results are presented from simulations using a uniform finitedifference grid of size n r × n z = 400 × 400 and time-step δt = 10 −7 ; the results at the largest Gr = 10 10 are from a 600 × 600 grid. Below, we present a resolution study to support these choices of grids.
Grid resolution study
Taking a typical configuration at the highest Gr = 10 10 considered in this study, we perform grid resolution tests. The other parameters are Pr = 1.0, = 0.5, = 1.0 ε = 0.25 and l = 0.50. Figure 2 shows the temperature on the inner cylinder, T i , and the heat flux through the outer cylinder, f o , computed using three different grid resolutions. It is clear that the n r × n z = 200 × 200 simulation is under-resolved, with the temperature at the top end of the heater (at z = 0.625) showing oscillations on the scale of the grid spacing. These oscillations are greatly diminished on the n = 400 grid and the difference between the n = 400 and 800 results for T i is very small. The heat flux f o is smooth on all three grids, but again the n = 200 case shows significant departures from the two finer grids everywhere. On the n = 400 and 800 grids, f o is virtually indistinguishable except at the very top of the annulus. We see that the coarser the grid, the larger the heat flux. One source of this extra heat flux is due to the Figure 3 . Radial profiles of the azimuthal vorticity in (a) the inner and (b) the outer cylinder boundary layers at mid-height, which is in the middle of the heater section, for Gr = 10 10 , Pr = 1.0, = 0.5, = 1.0, ε = 0.25 and l = 0.50, computed on various grids with resolution n r × n z = n × n for n as indicated.
discrete jump in flux boundary condition on the inner cylinder at the edges of the heater. This jump takes place over one grid cell, and numerically it essentially acts as a leaky source; the finer the grid the less leakage there is, and this is reflected in the reduced heat flux at the outer cylinder when the grid is refined. Table 1 lists N u o on the outer cylinder as computed on various grids. The z-average of the heat flux is computed by using one-sided differences to obtain f o (z) and then the integral is approximated using Simpson's 1/3 rule. The imposed heat flux condition on the inner cylinder gives N u i = π/2 ≈ 1.571. We see that the difference between the imposed N u i and N u o on the various grids is less than 1%.
Contour plots of the azimuthal vorticity and temperature (not shown) at steady state for the three cases only show minor differences between the n = 200 and 400 cases, while the n = 400 and 600 results are virtually indistinguishable. Even zooming in on grid-sensitive areas, there is very little quantitative variation in the vorticity for n 200; see figure 3 showing radial profiles of the azimuthal vorticity in the inner and outer cylinder boundary layers at mid-height, which is in the middle of the heater section, for Gr = 10 10 , Pr = 1.0, = 0.5, = 1.0, ε = 0.25 and l = 0.50, computed on various grids. Based on all these grid-refinement results, we have used n = 400 for all simulations other than those with Gr = 10 10 , for which we have used n = 600.
Results

The low-Gr conduction-dominated regime
In this section, for the sake of brevity, we fix all parameters except Gr . Specifically, we consider Pr = 1.0, = 1.0, = 0.5, ε = 0.25 and l = 0.5. The features of the basic state in the conduction-dominated regime for these parameters are qualitatively typical of the basic states over a fair range of the parameters. Figure 4 shows streamlines, isotherms and vorticity contours at Gr = 1, 10 3 and 10 4 . The basic state consists of a single-cell circulation that forms in response to the radial temperature gradient generated by the heat flux at the inner cylinder. The radial temperature gradient is a source of positive vorticity in the core while the motion of the flow past the walls produces negative vorticity (Cormack et al 1974) . At very small values of Gr , the nonlinear terms are very small, and the flow is almost reflection symmetric about the mid-height when the heater is placed at mid-height. If the heater extended all the way from the bottom to the top, the isotherms would be almost vertical with a nearly linear radial gradient; the discreteness of the heater together with the zero-flux condition on the rest of the inner cylinder means that the isotherms must bend at the ends of the heater to meet the inner cylinder normally. The maximum temperature, T max , is found at the heater, and its value in this regime is independent of Gr . The most negative value of the vorticity, η − , also occurs on the heater and it varies significantly with Gr . The largest positive vorticity, η + , is in the middle of the core, and it is only for larger values Gr ≈ 10 4 that it moves up and the isotherms in the core start to develop axial gradients as they are swept around by the meridional circulation when the nonlinear terms become more important.
We shall use η − , η + and T max to help identify the conduction-dominated and the nonlinear convection-dominated regimes. Figure 5 shows how these quantities vary with Gr on log-log plots, from which the two regimes are very clearly identified. The transition between the two regimes, which occurs for Gr ≈ 10 4 , is a smooth transition; no instability or bifurcation is involved. In the conduction-dominated regime, η ± vary linearly with Gr and T max is independent of Gr , whereas in the convection-dominated regime, η ± ∼ Gr 0.60 and T max ∼ Gr −0.20 . This is due to the temperature being non-dimensionalized with the imposed heat flux at the heater. In dimensional terms, this means that the temperature at the heater increases linearly with the imposed heat flux in the conduction regime, and when the nonlinear terms become important heat is transported away from the heater more effectively by convection. The dimensional temperature at the heater still rises, but the rate of this rise with heat flux diminishes exponentially. Figure 6 shows isotherms, streamlines and vorticity contours for increasing Gr . There are a number of striking developments compared to the conduction-dominated regime. First, in the core the isotherms shift from being predominately vertical to horizontal. At the largest Gr = 10 10 , for axial locations z below the bottom of the heater, the flow is essentially isothermal. Here, there is no buoyancy to drive the flow, and we have an essentially stagnant pool of cold fluid. At axial levels corresponding to the heater location, the isotherms in the core are almost r -independent. Over this axial range, the temperature is stably stratified. In these two regions, there is very little flow and the vorticity has only small fluctuations about zero.
The buoyancy boundary layer dominated regime
In the stratified region at the heater level, the stratification inhibits vertical motion and the flow is essentially horizontal from the cold outer cylinder toward the heater on the inner cylinder. The strongly stratified region is maintained by the temperature difference between the heater and the cold outer wall, with the temperature on the heater increasing with height (see figure 2(a) ). The temperature adjusts to the boundary values in thin boundary layers. The stratification at the heater level adjusts to the fixed cold outer cylinder temperature in a boundary layer. In this layer, the radial temperature gradient is negative, and this results in flow down the wall. This boundary layer flow dies out for z below the level of the heater. The behavior in this region is very much like that described by Gill (1966) for the natural convection between two isothermal plates maintained at different temperatures. The boundary layer on the heater entrains fluid from the boundary layer on the cold cylinder. This influx of cooler fluid results in a strong radial temperature gradient across the layer, and this gradient drives the upward flow in the layer and the entrainment into the layer. The flow across the core brings cooler fluid into the lower part of the heater layer and warmer fluid into the upper part, establishing the stable vertical temperature stratification in the core. The flow in the core is much weaker than in the boundary layers, and it is not strong enough to maintain a horizontal temperature gradient. The isotherms are hence horizontal and since the streamlines tend to follow the isotherms, they too are horizontal in the core. With essentially zero radial gradients in the streamlines, and almost linear axial gradients in the streamlines, the corresponding vorticity is essentially zero in the core.
There is a third region above the level of the heater which exhibits strong undulations in isotherms, streamlines and vorticity. Above the heater, the temperature on the inner cylinder drops off and the stratification in the core is not being enforced, and so this region allows for vertical motions. The undulations here can be seen to be caused by the fast vertical flow up the buoyancy layer generated at the heater reaching the top endwall. There, it bounces off the top, bringing a hot lighter fluid into a locally cooler denser environment, and so it turns back up to the top. At Gr = 10 10 we can clearly see a second bounce before this hot plume reaches the outer cylinder. The streamlines show a weak recirculation zone on the top at the first undulation. While the boundary layers on either cylinder do not have constant thickness, the vorticity contours show that they are very distinct over the axial extent of the heater. We shall define a boundary layer thickness δ i as the radius out from the inner cylinder at which η first goes to zero at the mid-height of the heater, and another boundary layer thickness δ o as 1 minus the radius in from the outer cylinder at which η first goes to zero at the same axial height. Figure 7 shows how these vary with Gr . As is to be expected, δ i < δ o . In the conduction-dominated regime, Gr < 10 4 , these boundary layer thicknesses remain constant. For Gr > 10 4 , the boundary layers become increasingly thinner as Gr is increased. Up to about Gr = 10 7 , δ i thins more quickly with Gr than does δ o , but for Gr > 10 7 they both thin at the same rate, with δ i,o ∼ Gr −0.20 . This is the same rate that T i decreases on the heater. In this large Gr regime, δ o ≈ 2δ i . 
The radius ratio and heater location effects
The effects of the radius ratio and heater location on the boundary layer thickness on the two cylinders are shown in figure 8 , where δ i versus δ o are shown for Gr ∈ [10 6 , 10 10 ]. There are nine cases, with = 0.25, 0.50 and 0.75 and l = 0.25, 0.50 and 0.75. These separate very distinctly for the lower Gr values (corresponding to the thicker layers) into groups according to the heater location. We see that while δ i is relatively insensitive to l, as the heater is placed higher up the inner cylinder, the outer cylinder boundary layer thickness decreases. leading to a faster thinning of δ o compared to δ i with increasing Gr than is the case for the higher placement. The effects of the radius ratio are much less dramatic on the boundary layer thicknesses. Irrespective of the heater location, the layer on the outer cylinder is relatively thinner for larger and this relative amount remains fairly uniform with variations in both Gr and heater placement.
The influences of the radius ratio and heater location on the flow and isotherms are illustrated in figures 9-11. The most obvious effect is that the stably stratified region is at the heater location level, and so the stagnant pool depth increases as the heater is placed further up the inner cylinder. Also, as the heater location is moved up, the extent of the region supporting the wavy flow is reduced, and both the size and the strength of the recirculation zone on the top endwall is reduced. With l = 0.75, the waviness is restricted to the corner region where the inner cylinder and the top wall meet.
For a fixed heater location, increases in the radius ratio produce larger temperature gradients near the heater wall, and a more strongly stratified medium in the core. These effects result in a strong flow in the top region, with more intense vorticity and increased strength of the recirculation zone on the top wall. Also, the temperature on the heater increases with radius ratio. Figure 12 depicts the effects of the heater location on the axial temperature profiles at the inner cylinder and the heat flux profiles at the outer cylinder. The temperature increases when the heater is placed higher up in the inner cylinder.
The heat flux is always greatest near the top of the outer cylinder, irrespective of the heater location; however, when the heater is placed near the top there is a significant cold pool in the bottom region of the annulus and so the heat flux over the bottom portion of the outer cylinder is essentially zero. Hence, in order for the total heat flux, N u o , to equal the heat flux in through the heater, N u i , the heat flux must be relatively stronger in the upper portion of the outer cylinder.
Conclusions
The discrete heater in a finite annulus leads to basic states that have distinct characteristics, depending on the amount of heat being pumped into the system; for low Gr < 10 4 , the flow is dominated by conduction, consisting of a single-cell circulation with flow up the inner cylinder wall with the heater and down the outer cold wall. The isotherms are predominately vertical, with local distortions due to the discreteness of the heater. For Gr > 10 4 , the isotherms are swept by the stronger flow and the solution develops three increasingly distinct regions as Gr increases. Over the axial extent corresponding to the location of the heater, the isotherms are increasingly horizontal, leading to an almost linear stable stratification which strongly resists axial flow, and so the flow here is almost purely radial from the cold outer cylinder to the heater on the inner cylinder, except for the boundary layers on the cylinders. For axial levels below the heater, there is no local thermal forcing and here a stagnant cold pool develops. For axial levels above the heater, again there is no local thermal forcing to enforce the stable stratification found at the heater level. Here, the flow in the buoyancy layer forced by the heater continues to flow until it collides with the top endwall, where it bounces off and leads to a wavy radial outflow towards the colder outer cylinder.
All the states described above, from Gr = 1 to 10 10 , are basic states at their points in parameter space; they are all steady and axisymmetric. The transition from the conductiondominated flows to the development of buoyancy boundary layer flows, at Gr ∼ 10 4 , is a smooth transition, much like the development of Taylor vortex flow in a finite annulus (Benjamin 1978) . The appearance of the wavy flow and separation zone on the top endwall is also a smooth transition, much like the appearance of steady vortex breakdown bubbles on the axis of the flow in a finite enclosed cylinder driven by a rotating endwall (Escudier 1984 , Lopez 1990 , Tsitverblit 1993 .
In the region at the level of the heater, the flow has some analogies with flows between rotating and stationary discs. The boundary layer flow on the cold wall is highly reminiscent of the Bödewadt layer on a stationary wall with rotating flow aloft; the streamlines and the vorticity show the same types of oscillations in the direction normal to the wall and both have similar weak effusive flows out of the layer. The boundary layer on the heater is much like the rotating disc boundary layer, with the flow being entrained into it without oscillations. The isotherms in the natural convection problem act as the contours of angular momentum, = r v, in the rotating flow analogy; both provide a restoring force inhibiting motion across them when they are stably stratified-T increasing with z and increasing with r . If one compares the axisymmetric Navier-Stokes equations for swirling flow (Lopez 1996) and the axisymmetric natural convection equations (2)-(4), the equation for the angular momentum is exactly the same as that for the temperature upon substituting → T . The relationship between the vorticity and the streamfunction is identical, and the vorticity equation only differs in the source term. For swirling flow, the source for η is vortex line bending in the axial direction, ∂( 2 /r 3 )/∂z, whereas in natural convection it is the radial temperature gradient −∂ T /∂r . For both, the boundary condition at the base of the corresponding boundary layer is (z = 0) = 0 and T (r = 1) = 0, and aloft and T are essentially invariant in the direction normal to the layer and stably stratified in the stream-wise boundary layer direction (r for and z for T ). One may then consider the development of the wavy isotherms and the recirculation zone on the top endwall that develops at large Gr when the discrete heater is placed not too close to the top endwall to be analogous to the phenomenon of axisymmetric vortex breakdown on the axis of a swirling flow (Lopez 1990, Brown and Lopez 1990) .
With this study, we now have a fairly comprehensive idea of the basic state of natural convection in an annulus, albeit for a Prandtl number of 1. We found strong gradients, with associated inflection points, in both temperature and vorticity in very distinct regions of the annulus, and each of these can potentially lead to instabilities. The results of this study provide a basis on which such instabilities can be studied. 
